Aequorin, a protein that emits light in the presence of calcium, was injected in the presynaptic terminal of the squid giant synapse. This injection was preceded by intracellular tetraethylammonium administration, which prolonged the duration of the presynaptic action potential. After this procedure light emission was evoked by single presynaptic spikes capable of releasing synaptic transmitter. In a second set of experiments, presynaptic tetraethylammonium injection was followed by the administration of tetrodotoxin extracellularly, which abolished the presynaptic action potential. The role played by calcium in the transmitter release from presynaptic terminals has been a subject of great interest in recent years. In the last decade the electrophysiological studies of the "giant synapse" in squid stellate ganglia have served to sharply delineate this problem. The facts that both pre-and postsynaptic terminals can be simultaneously impaled with recording micropipettes (1-5) and that synaptic transmitter may be released by artificial depolarization of the presynaptic fiber have been crucial in determining the calcium involvement in synaptic transmission.
stration, which prolonged the duration of the presynaptic action potential. After this procedure light emission was evoked by single presynaptic spikes capable of releasing synaptic transmitter. In a second set of experiments, presynaptic tetraethylammonium injection was followed by the administration of tetrodotoxin extracellularly, which abolished the presynaptic action potential. Under these conditions artificial depolarization of the presynaptic terminal triggered the release of synaptic transmitter, in a graded manner. However, as previously reported by other authors, membrane potential steps to an internal positive value of approximately + 90 mV (the suppression potential) produced a blockage of transmitter release for the duration of the imposed potential. Synaptic transihission recurred, nevertheless, as the current injection was terminated. A similar set of experiments, performed after the intracellular injection of aequorin in the presynaptic fiber, demonstrated that the aequorin light response was evoked by membrane potential steps capable of releasing synaptic transmitter. If the membrane potential was made positive to the "suppression" level, no light response was evoked but the light emission appeared, as did transmitter release, at the end of the current pulse. These experiments demonstrate that release of transmitter is directly correlated with intracellular calcium concentration and that the suppression potential is compatible with the existence of a calcium equilibrium potential at the presynaptic terminal.
The role played by calcium in the transmitter release from presynaptic terminals has been a subject of great interest in recent years. In the last decade the electrophysiological studies of the "giant synapse" in squid stellate ganglia have served to sharply delineate this problem. The facts that both pre-and postsynaptic terminals can be simultaneously impaled with recording micropipettes (1) (2) (3) (4) (5) and that synaptic transmitter may be released by artificial depolarization of the presynaptic fiber have been crucial in determining the calcium involvement in synaptic transmission.
Since synaptic transmitter may be released from the presynaptic terminal in the absence of action potentials (6) (7) (8) and/or potassium activation (7, 8) , it was concluded at that time that the depolarization-secretion coupling does not involve directly membrane conductances to sodium or potassium. Furthermore, the results suggested that calcium could be the factor responsible for the secretory response.
More recently, Katz and Miledi (9) demonstrated that in the presence of tetrodotoxin (TTX), a drug known to block sodium activation (10) , tetraethylammonium (Et4N+), which is known to block potassium activation (11) (12) in the presynaptic terminal during repetitive transmitter release (13, 14) and by the actual release of transmitter during intracellular calcium injection (16 (13) .
The presynaptic fiber of the distal giaht synapse was penetrated at the terminal with two electrodes. One contained 100 mM Et4NBr and the second contained aequorin dissolved in 100 mM potassium chloride. The postsynaptic fiber was impaled near the junction with a micropipette filled with 1 M potassium citrate. Synaptic ttansmissioh was activated by stimulation of the presynaptic terminal with extracellular metal electrodes or directly through the Et4N+-filled micropipette.
The basic, experimental design was the following. Et4N+ was electrophoretically injected into the presynaptic terminal for a period of 3-4 hr. After this injection, potassium activation in the presynaptic terminal was blocked (7, 8) and prolonged action potentials could be evoked in the pre-fiber. These aid of a relay-activated valve) or manually triggered pulses of longer duration. This technique allowed sufficient aequorin to be injected to give a constant low background light emission such that synaptic transmission was accompanied by aequorin flashes for a period of approximately 30 min without further injections. The rather rapid depletion of aequorin observed in our previous experiments (13, 14) was greatly reduced with the pulse technique, implying that the prolonged injection method was probably causing some injury of the presynaptic terminal. The light emitted by the calcium-aequorin reaction was measured with a specially selected, low dark current, photomultiplier tube (Hamamatsu model 7696) via a fiber optics system immersed in ASW in almost direct contact with the presynaptic terminal (13) . The output of the photomultiplier was fed into an oscilloscope and/or a chart recorder. Since light output has not been calculated, the current calibration does not indicate absolute photon output from the aequorin response.
RESULTS
Aequorin response after single action potentials in Et4N+-treated presynaptic terminal
As previously reported, after intracellular aequorin injection in the presynaptic terminal, repetitive stimulation of the prefiber can generate light output during synaptic transmission (13, 14 (Fig. 1C-E) . In C the action potential was generated directly by a square current pulse applied across the lpresynlaltic membrane. Three stimuli were given. A: Current response after TTX and Et4N+ treatment and protracted aequorin injection into the presynaptic terminal. After the injection, the aequorin electrode was removed from the terminal. Current (middle trace) was applied to presynaptic terminal, and evoked postsynaptic depolarization is seen in the lower trace. Light response (upper trace) is initiated shortly after the onset of transmitter release. B: With increased injection at presynaptic terminal, the amount of transmitter release is reduced and current break excitatory postsynaptic potentials begin to appear. The light response shows a shift to the right. In C further depolarization shows an almost complete suppression of the light response that becomes apparent at the termination of the current pulse. In D larger depolarization shows a total absence of the aequorin response during the current injection and a fast onset of light at the current break. Record D was taken after a 5-min interval to maximize the aequorin response. In D upper current calibration relates to photomultiplier output, the lower current calibration to amplitude of intracellular current injection.
Aequorin response after Et4N+ and TTX treatment of the presynaptic terminal: nature of the supression potential After Et4N+ injection, the addition of TTX to the bathing solution (1 4ug/ml) blocked pre-and post-action potentials [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] min after the beginning of the superfusion. Transmitter release was first observed with positive voltage steps of about 20-30 mV from the resting potential (-30 to -40 mV absolute membrane potential) and became maximum with voltage steps of approximately 60-80 mV from resting potential (0 to +10 mV absolute membrane potential level) (Fig. 2 A-D) . Further increases in the applied voltages reduced and finally blocked transmitter release, transmission taking place, however, at the break of the current injection ( Fig. 2E and F) . This positive polarization blockage of synaptic release was independently discovered by Katz and Miledi (7) and by Kusano et al. (8) , and was named by the former authors the "suppression potential." Similarly complete sets of experiments were successfully accomplished on two different preparations in the presence of aequorin. It can be seen (Fig.  3 ) that at maximum transmitter release the aequorin response was large and commenced shortly after the presynaptic polarization (A). In this case, however, the light level rose rather quickly and decayed to its baseline level within 100 msec of pulse termination. As the presynaptic polarization was increased and approached the suppression potential, the latency of aequorin response increased (B). Finally, no light response (and sometimes an actual decrease of background light) was seen at suppression level (approximately +90 to +100 mV membrane potential) (C and D). At the break of the current injection, however, both synaptic transmission and aequorin response appeared abruptly.
The latter event directly demonstrates that, after positive voltage steps of presynaptic membrane potential beyond the so-called "suppression potential," the exponential return of the membrane potential to its resting level allows sufficient "tail" calcium currents (18) to release transmitter and activate the aequorin. The prolonged and increased light emission shown in D after current break may be ascribed to larger amount of active aequorin at the vicinity of the plasma membrane. More importantly, however, such prolonged tail calcium currents were observed after large depolarizations, which probably spread over a large portion of the pre-fiber. This means that the larger the depolarizations, the larger the amount of calcium influx not related directly to the synaptic segment under study. This effect, together with transmitter depletion, may explain the discrepancy of the time course seen between presynaptic release and light emission during the prolonged presynaptic action potentials, or after very large presynaptic depolarization.
DISCUSSION
The present set of experiments strongly implies that presynaptic [Ca2+] , is the triggering factor in the release of synaptic transmitter. The fact that an aequorin response may be seen in the presynaptic terminal at extracellular calcium concentrations (10 mM) at which the postsynaptic aequorin response is not present (18) suggests that the presynaptic terminal has a considerable number of potential-dependent calcium conductance sites, most probably related to its synaptic release properties.
Since it may always be alleged that the intracellular calcium increase is a para-phenomenon, we consider it rather significant that the suppression potential is accompanied by a decrease of [Ca2+] Somewhat against this view, however, is (a) the presence of a calcium spike after TTX and Et4N+ application in high [Ca2+lo (9) , which suggests that the inward calcium current in the presynaptic terminal is high, as well as (b) the rapid aequorin responses that can be obtained from inward calcium currents after single spikes in molluscan cells (25) . The (27) , and with other calculations of Ecan+ as reviewed by Blaustein (28) . The small discrepancy between the calculated Eca2+ and our value for the suppression potential may be due to differences between [Ca2+b, in the pre-and post-fibers or to anisopotentiality in the presynaptic depolarization.
